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ABSTRACT Pure bovine brain-derived acidic fibroblast
growth factor is a very potent mitogen for vascular endothelial
cells in culture and, in the presence of heparin, induces blood
vessel growth in vivo. Partial amino acid sequence determina-
tions confirm that this mitogen is a unique protein having
amino acid sequence homology with human interleukin 1.

Protein growth factors are molecules that induce growth,
usually including cell division, in their target cells. They act
by binding to specific plasma membrane receptors, thereby
triggering an only partially characterized cascade of events
(1). Since virtually all known activities ofgrowth factors have
been identified with cell culture systems, relatively little is
understood about the physiological significance of the mol-
ecules in vivo.

Fibroblast growth factor (FGF) was originally identified in
both pituitary (2) and whole brain (3). The growth factor
activity was partially purified based on its ability to stimulate
DNA synthesis in the immortal BALB/c 3T3 fibroblast cell
line (4). Two mitogens, one acidic (5) and one basic (6), were
subsequently identified in the partially purified brain FGF
preparations. We previously reported the purification to
apparent homogeneity and initial characterization of the
approximately 17-kDa acidic FGF (aFGF) from bovine brain
(7). A protein that may be similar, or identical, to the basic
FGF found in brain has been purified from bovine pituitary
(8, 9).
With partially purified material, the presence of the acidic

mitogenic activity for BALB/c 3T3 cells was observed to
correlate with mitogenicity for vascular endothelial cells (6).
We report here that aFGF is a potent mitogen for vascular
endothelial cells in culture and induces the growth of blood
vessels in vivo. Protein sequence data are also presented that
uniquely identify this molecule and reveal homology with one
type of interleukin 1 (IL-1).

MATERIALS AND METHODS

Mitogenic Assays. Fetal bovine thoracic aortic endothelial
cells (AG4762, National Institute of Aging Cell Repository,
Institute for Medical Research, Camden, NJ) were assayed
after 38 cumulative population doublings in vitro. The cells
were plated in 6-well tissue culture dishes (Costar, Cam-
bridge, MA) at 2 x 103 cells per cm2 in 1 ml of 20%

heat-inactivated calf serum (GIBCO) in Dulbecco's modified
Eagle's medium (DMEM; GIBCO) per well and changed to
1% serum 18 hr later. All media were supplemented with
glutamine and penicillin/streptomycin as described (5). Ei-
ther pure mitogen (7) diluted in 100 pl of 1 mg ofbovine serum
albumin (Sigma) per ml of DMEM or serum samples were
added to each well along with 1.6 puCi of[methyl-3H]thymidine
(20.0 Ci/mmol, New England Nuclear; 1 Ci = 37 GBq) and
45 ,ug of unlabeled thymidine (Sigma) in 40 ,ul of DMEM.
After a 48-hr incorporation period, the cells were washed and
lysed, and 75% of the trichloroacetic acid-insoluble radiola-
beled DNA was counted as described (5). The pure mitogen
was found to be stable in the 7 mM trifluoroacetic acid/33%
acetonitrile HPLC elution solvent (7) at -20°C under argon
but lost substantial activity when lyophilized. Therefore, in
all mitogenic and angiogenic assays, the pure mitogen was
diluted from this solvent. Control assays showed that equiv-
alent amounts ofHPLC solvent components were innocuous.
Mouse lung capillary endothelial cells (from T. Maciag,

Revlon) were plated at 2.6 x 104 cells per cm2 in 24-well
dishes (Costar) and grown to confluence in 0.5 ml of 10%
charcoal-treated calf serum (HyClone, Logan, UT) in
DMEM per well, lowered to 0.5% serum after 72 hr, and
allowed to become quiescent over 48 hr. Either serum or the
pure mitogen was added in 50 ,ul as described above, followed
18 hr later by a 4-hr pulse of [methyl-3H]thymidine (20 ,ul
containing 100 ,uCi of radiolabeled thymidine in Dulbecco's
phosphate buffered saline). The cells were processed, and
radioactivity was measured as described above.

Chicken Egg Angiogenesis Bioassay. Three-day-old chicken
embryos were removed from their shells and grown in
Handiwrap pouches suspended inside paper cups. The tops
of the cups were covered with Handiwrap, and the eggs were
incubated at 37°C in a tissue culture incubator for 5-6 days
(10). Either 1 ,g of pure mitogen in about 30 Al of the HPLC
elution solvent (7) or an identical HPLC solvent control
solution were mixed with an equal volume of2% low-gelling-
temperature agarose (Miles) dissolved in lactated Ringer's
solution (Abbott) containing 10 ,ug of heparin (from porcine
intestinal mucosa; Sigma grade 1). Droplets (60 ,lI) were
allowed to gel on the center of sterile plastic 1.3-cm-diameter
Thermanox tissue culture coverslips (Miles), and at least part
of the volatile acetonitrile evaporated by aeration for 15-30
min under a plenum of sterile air in a tissue culture hood. The
coverslips were positioned, pellet down, over the chorioal-
lantoic membrane of the eggs and incubated for 3 days. Eggs
containing large white focal regions under the coverslips at

Abbreviations: FGF, fibroblast growth factor; aFGF, acidic FGF;
DMEM; Dulbecco's modified Eagle medium; IL-1, interleukin 1.
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the end of the assay, presumably formed by inflammatory
cells, were discarded. The chorioallantoic membranes were
examined microscopically and scored for the proliferation of
fine capillaries under the center of the coverslips by observ-
ers who did not know the contents of the agarose pellets.
Amino Acid Sequence Determination. Brain-derived aFGF

was purified as described (7), and 4.2 nmol were dried in 50-.lI
aliquots in a 6 x 50 mm glass tube by vacuum centrifugation.
The protein sample was dissolved in 100 ,gl of 0.1 M Tris HCI
(pH 9.5) made 6.0 M in guanidinium chloride (Heico, Dela-
ware Water Gap, PA) and 0.1% in Na2EDTA and containing
1.7 ,umol of D,L-dithiothreitol (Sigma). The reaction mixture,
was covered with argon and maintained at 500C for 2 hr. The
reduced protein was alkylated under argon in the dark for 35
min at 20-220C with 13.5 ;kmol of iodoacetic acid (Sigma;
recrystallized from petroleum ether) containing 100 ACi of
iodo[2-14C]acetic acid (55.4 mCi/mmol; Amersham) dis-
solved in 100 ,ul of 0.7 M Tris HCl (pH 7.8) made 6.0 M in
guanidinium chloride and 0.1% in Na2EDTA. The reaction
mixture was injected on a Vydac C4 reversed-phase HPLC
column (The Separations Group, Hesperia, CA) and was
eluted as described for the unreduced protein (7).
Pure reduced and [14C]carboxymethylated mitogen (2.5

nmol) was digested with a 1:100 mass ratio of HPLC-purified
(11) L-(tosylamido-2-phenyl)ethyl chloromethyl ketone-treat-
ed bovine pancreatic trypsin (Worthington) to substrate for 6
hr at 37°C in 200 ,ul of 0.1 M ammonium bicarbonate (pH 8.3).
The digestion mixture was loaded directly on a 4.6 mm x 25
cm Vydac C18 reversed-phase HPLC column (particle size, 5
,um; pore size, 330 A) equilibrated in 10 mM trifluoroacetic
acid (Aldrich) and was eluted at a flow rate of0.5 ml/min with
a 3-hr linear gradient of acetonitrile from 0-67% (by volume)
at 20-22°C, with absorption continuously monitored at 210
nm. The amino acid compositions of 10-25% by volume of
the individual peptide peaks were determined after hydrol-
ysis in constant boiling HCl (Pierce) containing 0.1% phenol
(Ultrapure, BRL) at 110°C for 20 hr, followed by quantitation
on a high-sensitivity phenylisothiocyanate-based analyzer
(12). All peptides reported here were recovered in at least
50% yield. Protein or peptide samples were sequenced on an

Applied Biosystems 470A microsequencer using Polybrene-
coated filters. Phenylthiohydantoin-amino acids were iden-
tified and quantitated by HPLC analysis.
Homologies of the bovine aFGF partial amino acid se-

quence with catalogued protein sequences from the 1984
update of the Protein Identification Resource (Dayhoff)
compendium of protein primary structures were evaluated
with the Align computer program (13). After manual align-
ment of the amino- and carboxyl-terminal ends of aFGF with
IL-1, the two ends of aFGF and equivalent regions of IL-1
were each fused to make single chains with gap positions
frozen by insertion of "X"-residues. Given the percentage of
sequence identity, a mutation matrix based on 152 accepted
point mutations was used. The BIAS and GAP parameters
were iteratively optimized to 16 and 5, respectively. The
statistical significance of the homology was evaluated by
comparing it to the similarity of one sequence with 500
random permutations of the second.

RESULTS

Mitogenic Activity. Based on previous results that the
partially purified brain-derived aFGF was mitogenic for
vascular endothelial cells (6), the mitogenic activity of the
pure protein was measured by using fetal bovine aortic
endothelial cells. The protein is a potent mitogen for these
cells, with a half-maximal stimulation of DNA synthesis at
about 620 pg/ml (37 pM) (Fig. LA). Furthermore, the re-
sponse of these cells to serum shows that the pure mitogen
elicits a significantly greater maximal response than that of
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FIG. 1. Mitogenic response of vascular endothelial cells and
fibroblasts to pure aFGF. The dose-response of aFGF-induced
incorporation of [methyl-3H]thymidine into DNA (-v-) is shown for
fetal bovine aortic arch endothelial cells (A) and mouse lung capillary
endothelial cells (B). The concentrations of aFGF that elicit half-
maximal responses (arrowheads) of the endothelial cells are: 620
pg/ml in A and 240 pg/ml in B. Serum controls are shown either as

a function of dose (-U-) in A or as a bar at a single 10%6 concentration
in B.

the 10% calf serum control. Acidic mitogen was also tested
on a culture ofmouse lung capillary endothelial cells (Fig. 1B)
and observed to elicit a half-maximal stimulation of DNA
synthesis at 250 pg/ml (15 pM). The pure protein is about
equally mitogenic for human vascular endothelial cells (data
not shown).

Angiogenic Activity. During sustained vascular growth,
endothelial cells are observed to actively proliferate (14).
Therefore, we tested the ability of the purified mitogen to
induce blood vessel growth in the chicken egg chorioallantoic
membrane angiogenesis assay. Based on previous reports
that crude tumor angiogenesis factor was significantly more
active with coadministered heparin (15), we tested the
vascularization response of heparin alone and heparin plus
pure aFGF. A 10-,ug dose of heparin per egg was inactive but
the same amount of heparin plus 1 ,ug of aFGF per egg

Table 1. Angiogenic activity of aFGF

Angiogemc response

Sample contents Negative Positive

Control 15 0
aFGF 2 10

These data are a composite of three separate experiments. Using
t-distribution statistics, the group of mitogen-stimulated eggs was
calculated to be different from the control population with a confi-
dence level of >99.9o.
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appeared to enhance the growth of small capillaries§ at the
site of application with no sign ofinflammation (Table 1). The
assay is reproducible, the results being a composite of three
separate assays with different samples ofaFGF. Control (Fig.
2A) and positive angiogenic responses (Fig. 2B) show the
extent of capillary proliferation induced by aFGF. The
mitogen is, therefore, a potent angiogenic protein in the
presence of heparin.
Amino Acid Sequence. Two microheterogeneous forms of

the pure protein with nearly identical masses have been seen
on electrophoresis in NaDodSO4/polyacrylamide gels (7)
and, after separation by shallow gradient elution from a
reversed-phase C4 HPLC column, were found to have very
similar amino acid compositions. Sequence determinations of
reduced and carboxymethylated proteins revealed two amino
termini (Fig. 3). The longer sequence, aFGF-1, contains 6
amino-terminal residues not found on the shorter aFGF-2
form. The relative amounts of these two offset amino termini
vary from one preparation to another but are closely corre-
lated to the relative abundance of the two very close bands

§The "spoke-wheel" pattern formed by the convergence of large
vessels on the chicken egg chorioallantoic membrane at the site of
sample application, proposed to be a measure of angiogenesis (16),
was not seen on application of aFGF. We confirmed such vascular
patterns in response to male mouse submaxillary gland homog-
enates as listed in Table IV of this reference. On partial purification,
"spoke-wheel"-generating activity that was eluted from G-100
Sephadex gel filtration chromatography paralleled arginine
peptidase activity, so we tested a variety ofpure proteases including
trypsin, chymotrypsin, plasmin, y-nerve growth factor subunit, and
epidermal growth factor binding protein, the latter two proteins
being among the principal arginine peptidases of the male mouse
submaxillary gland. All of these proteases generated the "spoke-
wheel" pattern. On further characterization, we observed this
response to be generated within hours, seemingly too fast to be the
result of neovascularization. A grid, composed of tiny pieces of
filter paper placed on the chorioallantoic membrane, showed that
the rapid convergence of large vessels was generated by contraction
of the elastic membrane toward the site of sample application. We
conclude, therefore, that this pattern of large blood vessel conver-
gence does not represent angiogenesis.

of protein seen after electrophoresis in NaDodSO4 gels (7).
The amino-terminal sequence of one sample that was almost
entirely composed of the higher mass and longer amino-
terminal form (aFGF-1) corroborated the assignments made
from the mixed sequence determinations.

Peptides of aFGF, generated by digestion with trypsin,
confirmed most of the amino-terminal sequence (Fig. 3). A
tryptic peptide devoid of both arginine and lysine was
generated and sequenced; considering the specificity of
trypsin to cleave peptide bonds following lysine and arginine
residues, this peptide was derived from the carboxyl-terminal
end of the protein.
Amino Acid Sequence Homology. In a search ofthe Dayhoff

protein data bank (13), aFGF appears to be unique compared
to the approximately 2000 protein sequences contained in this
list. Its lack of similarity to epidermal growth factor, platelet-
derived growth factor, and insulin-like growth factor II is
consistent with its inability to compete with these proteins for
binding to their receptors (unpublished data).

Similarity was observed, however, between the amino- and
carboxyl-terminal ends ofaFGF and segments ofhuman (17)
IL-1, deduced from the cDNA sequence, as shown in Fig. 3.
The aFGF amino-terminal sequence aligns with a human IL-1
region that begins 122 residues from the putative initiation
methionine residue. The carboxyl-terminal end of aFGF
aligns with the carboxyl-terminal end of human IL-1 predict-
ed from the cDNA sequence. As aligned, these regions are
over 30%o identical. The 148-residue polypeptide chain be-
tween the beginning of the amino-terminal and end of the
carboxyl-terminal homologous regions of human IL-1 is
almost the same length as the "-149-residue aFGF (7).
Furthermore, the size of this segment of the IL-1 polypeptide
chain agrees well with the 15-20 kDa mass estimated for the
processed human protein. The gap positions, chosen to
optimize the number of amino acid identities, occur at or
adjacent to glycine or proline residues in the amino terminus.
These two residues often appear at turns in the tertiary
structure of proteins, regions in which insertions and dele-
tions are most common (18). The estimated significance ofthe
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FIG. 2. Angiogenic response of chicken egg chorioallantoic membrane. Membranes of living chicken embryos were photographed at x40
magnification 3 days after application of either control solution containing 10 ,ug of heparin (A) or coadministration of 1 ,g of aFGF with 10
,ug of heparin (B).
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Rmino Terminus:
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_Ahm_ __A
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HuIL-1: -LEUfASSN--CYS-THR4-LEUjARG-ASP-SER-GLN-GLN-.S-LYS-.

T-5

aFGF: -LEU-LEU-TYR-CYS-SER+RSN-GLY-GLY-TYR-PHE-LEU-RRG-
HuIL-l: -SER LEU VRL-MET-SER -GLY+PRO GTYR-GLU--L YS-
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aFGF: -ILE-LEU-PRO- -ASP+GLY-THR-VAL-RSP-GLY-THR-LYS-
HuIL-l: -RLA-LEUA HIS-LEU-GLN--GLYGLN-ASP-MET-GLU-GLN-GLN-

Carboxyl Terminus:

T-1 1

aFGF: -ALA-IL E--LEU- - qPHE-LEU-PRO-LEU-PRO- VRL-SER-SER- ASP

HuIL-1: -ASP- ILE-THR-RSP- PHE-THR-MET-GLN-PHE-VRL-SER-SER

FIG. 3. Partial amino acid sequence of bovine aFGF and its homology to human IL-1 (HuIL-1). The longer and shorter amino-terminal ends
of aFGF are denoted -1 and -2, respectively. Tryptic peptides of aFGF are denoted by T-numbers above the double-headed arrows denoting
their full length. Half-arrows above the amino acid name indicate those residues that were identified by amino terminal sequence determinations
of the entire protein, whereas those above the T-numbers signify residues identified by sequence determinations of the purified tryptic peptides.
The amino- and carboxyl-terminal ends of bovine aFGF are aligned above homologous regions of HuIL-1 either starting 122 residues from the
putative amino-terminal end or 12 residues from the carboxyl-terminal end, respectively, ofthe predicted full-length translational product. Amino
acid residue identities are enclosed in boxes. Blank residue positions were inserted to maintain alignment between the two sequences.

relatedness between aFGF and human IL-1 is 3.6 standard
deviations from random. This value corresponds to a chance
of about 1 in 3000 that the alignments are random. The amino
acid sequence of mouse IL-1 (19), on the other hand, aligns
poorly not only with aFGF but also with human IL-1. A
substantial similarity would be expected between the amino
acid sequences ofequivalent proteins from humans and mice.
It appears, therefore, that the two interleukins are probably
members of different classes of IL-is.

DISCUSSION
Pure bovine aFGF is clearly a very potent mitogen for
vascular endothelial cells in culture. The growth factor is

active not only on aortic but also with capillary endothelial
cells.
Other endothelial cell mitogens have been partially or

completely purified. Based on charge and amino-terminal
sequence, aFGF is different from the pure bovine pituitary
basic FGF (8, 9). The relationship of aFGF to other partially
purified vascular endothelial cell mitogens isolated from
bovine hypothalamus (20), retina (21), conditioned media
from both macrophages (22) and tumor cells (23, 24), and the
mitogens purified from human brain (25) and extracellular
matrix deposited by chondrosarcoma cells in culture (26)
remains to be determined. An alternative purification scheme
for aFGF from brain using heparin chromatography recently

Proc. Natl. Acad. Sci. USA 82 (1985)
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has been reported (27). The purified protein has the same
amino acid composition as previously described (7) and was
demonstrated to be a mitogen both for BALB/c 3T3 and for
bovine capillary endothelial cells.

Blood vessel growth originates primarily by sprouting of
new capillaries from existing capillaries and venules (14, 28).
Vascular endothelial cells that form growing capillaries
divide during sustained angiogenesis (14, 29). Therefore, we
tested the ability of the pure mitogen to induce the growth of
capillaries in vivo. Heparin, a mixture of sulfated polysac-
charides produced by mast cells that are often seen to
precede growing capillary sprouts, has been shown to en-
hance the angiogenic activity of crude tumor angiogenesis
factor (15), a substance that is proposed to be made and
released by tumor cells in vivo. Pure aFGF, in the presence
of heparin, elicited a substantial proliferation of capillaries on
the chicken egg extraembryonic chorioallantoic membrane
bioassay, whereas heparin alone was inactive. Preliminary
results indicate that the angiogenic activity of aFGF appears
to be diminished in the absence of heparin.
The ability of solid tumors to become vascularized by the

host and thereby grow beyond a few mm in diameter has been
attributed to tumor angiogenesis factor. This hypothesis has
received support from the observation that conditioned
media from tumor cells grown in culture cause neovascular-
ization in bioassays (30). The mechanism of heparin augmen-
tation of tumor angiogenic activity is unknown but could be
related not only to its tight binding in vitro to both this protein
(unpublished results; ref. 27) and other potentially similar
growth factors (20, 21, 25, 26) but also to its ability to
potentiate the activity of mitogens for endothelial cells in
culture (31). Furthermore, conditioned media from tumor
cells contain mitogenic activity for vascular endothelial cells
(24). These properties are in common with aFGF, indicating
a possible similarity or identity between the pure mitogen and
tumor angiogenesis factor.
The homology between the amino acid sequences of the

bovine brain-derived endothelial cell mitogen aFGF and the
human macrophage product IL-1 is unexpected. The resem-
blance indicates that the two classes of proteins probably
diverged long ago. Substantially less similarity is observed
between the same regions of mouse IL-1 and both bovine
aFGF and human IL-1. The difference between the two ILs
is very surprising and probably indicates that they represent
unique families of IL-is. Although a few regions of limited
sequence similarity could be found between aFGF and
human IL-2 (32), the homology of IL-2 with aFGF or either
human or mouse IL-1 was not statistically significant. Bovine
aFGF is inactive in either IL-1 thymocyte or IL-2 T-cell
proliferation assays (unpublished results).
The similarity between bovine aFGF and human IL-1

indicates that these proteins are members of a new homolo-
gous family of growth factor proteins that is different from
platelet-derived growth factor and from both the epidermal
growth factor (33) and insulin (34) families. Although mac-
rophages produce endothelial cell mitogenic (22) and angi-
ogenic (35) substances, it is not known if they are identical to,
or different from, aFGF. The cell source of aFGF is also
unknown so the immunological significance, if any, of its
homology with either IL-1 or other immune cell mediators
remains to be established.

Note Added in Proof. The form of human IL-1 that we have shown
to be homologous to aFGF has recently been denoted IL-1,3 to

distinguish it from a second type named IL-la. Based on the
complete amino acid sequence of aFGF, it is homologous to both
forms of IL-1 and brain-derived basic FGF.
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